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Structural Dynamics of Calcium Transport Proteins Detected by Satura-
tion Transfer Electron Paramagnetic Resonance
Jesse E. McCaffrey, Zachary M. James, Kurt D. Torgersen,
Christine B. Karim, Edmund C. Howard, David D. Thomas.
University of Minnesota, Twin Cities, Minneapolis, MN, USA.
We have used conventional and saturation transfer electron paramagnetic res-
onance (EPR) to probe the structural dynamics of the integral membrane pro-
tein phospholamban (PLB), as a function of phosphorylation and the presence
of its regulatory target, the sarcoplasmic reticulum calcium ATPase (SERCA).
Our goal is to elucidate the mechanism of SERCA inhibition by PLB, which is
needed for the rational design of therapies to improve calcium transport in mus-
cle cells. We used the monomeric mutant AFA-PLB with the rigid electron spin
label TOAC incorporated at position 36 in the transmembrane domain, and re-
constituted the protein in lipid vesicles. EPR experiments were performed to
determine the nanosecond (conventional EPR) and microsecond (saturation
transfer EPR) rotational motions of PLB, as modulated by phosphorylation
of PLB at serine 16 (pPLB), and/or addition of excess SERCA. Neither SERCA
binding nor PLB phosphorylation caused significant changes in conventional
EPR spectra of PLB, indicating no effect on the nanosecond flexibility of
PLB’s transmembrane domain. However, saturation transfer EPR found that
addition of SERCA caused a large decrease in microsecond rotational motion
for both PLB and pPLB. Phosphorylation of PLB caused no effect in the ab-
sence of SERCA and only slight mobilization in the presence of SERCA. These
results indicate that both PLB and pPLB bind to SERCA, and PLB phosphor-
ylation only slightly increases the flexibility and/or the dissociation constant of
the SERCA-PLB complex. Therefore, PLB phosphorylation relieves SERCA
inhibition primarily by changing the structural dynamics of the SERCA-PLB
complex, not by dissociation of the complex. This work was funded by grants
from NIH (R01 GM27906 and T32 AR007612).
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We have detected structural dynamics in the nucleotide-binding domain of the
Ca-ATPase (SERCA) using fluorescence spectroscopy and molecular model-
ing. SERCA in sarcoplasmic reticulum (SR) vesicles was selectively labeled
with fluorescein isothiocyanate (FITC), an affinity probe that specifically reacts
with Lys-515 in the nucleotide-binding site. FITC-labeled SERCA enters the
phosphorylated ‘‘E1P-like’’ conformation with low probe fluorescence
(~50% intensity) when SR vesicles are loaded with calcium using acetyl phos-
phate as the energy source, followed by chelation of extravesicular calcium to
halt enzyme cycling. Here we compared FITC-SERCA in the unique low fluo-
rescence state (E1P-like) with conformations that show high probe fluores-
cence: calcium-free (E2), calcium-bound (E1), and actively-cycling
phosphoenzyme (EP). Direct waveform recording (DWR) and time-
correlated single photon counting (TCSPC) were used to measure fluorescence
emission decay and time-resolved anisotropy. Iodide quenching and detergent
solubilization were used to examine FITC accessibility and SERCA oligomer-
ization. Spectroscopy results indicate that FITC-SERCA in the E1P-like state
shows increased probe dynamics, decreased probe accessibility, and decreased
SERCA oligomerization in comparison to high fluorescence states (E2, E1,
EP). Molecular modeling of protein and probe conformation identified Phe-
487 in the nucleotide-binding domain as a critical residue involved in FITC
binding, contributing to the high specificity of labeling for SERCA. Phe-487
also serves as the key residue that ‘stacks’ with the adenine moiety of ATP
bound to unlabeled SERCA. We combine fluorescence data and modeling re-
sults to propose a structural mechanism for ADP release following ATP hydro-
lysis and E1P formation by SERCA. This work was funded by grant from NIH
to DDT (R01 GM27906).
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The sarcoendoplasmic reticulum ATPase (SERCA) is a calcium pump that un-
dergoes conformational changes during catalytic cycling. To investigate
SERCA structure changes in living cells we fused Cerulean to the A-domain
and YFP to the N-, P- or TM-domain of SERCA2a and expressed these ‘‘2-color’’ SERCA constructs in AAV-293 cells. 2-color SERCA constructs
were catalytically active as shown by ATPase activity in vitro and Ca uptake
in live cells. Specifically, the transport activity of 2-color SERCA blunted
IP3-mediated Ca transients and increased the size of the Tg-releasable Ca
stores. Both of these effects were reversed by coexpression of exogenous phos-
pholamban (PLB), suggesting that 2-color SERCA function and regulation
were intact. All of the constructs exhibited dynamic FRET changes in response
to the pump ligands Ca and thapsigargin (Tg). The Tg-dependent conforma-
tional change was not decreased by coexpression of PLB, nor did PLB slow
the kinetics of Tg-binding. Notably, FRET in ionophore-permeabilized cells
was higher with saturating calcium than with EGTA in the extracellular solu-
tion. This suggests a decrease in domain separation distance with the structure
transition from E2 (Ca-free) to E1 (Ca-bound). The data are consistent with clo-
sure of the cytoplasmic headpiece with Ca-binding. These 2-color SERCA con-
structs provide insight into the structural dynamics of Ca transport and may also
be useful for evaluating candidate small molecule regulators of Ca uptake
activity.
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We present here the measurement of dynamic transition of SERCA among its
various conformational states during its Ca pumping cycle. This is achieved by
monitoring single-molecule FRET (smFRET) between fluorescent proteins
fused to the N and A domains of SERCA. We observe fluctuations in the
FRET efficiency by measuring the changes in the fluorescence lifetime of the
donor fluorescent protein as a function of time as detergent solubilized SERCA
single molecules transit through the laser excitation spot. Making histograms of
these FRET efficiency fluctuations, we detected multiple discrete FRET levels
indicating different conformational states. The mean FRET efficiency values
determined from the histograms are used to assign conformational states of
SERCA to the FRET efficiency time trajectories. The fluctuations in these
time trajectories then provide us the timescales of the transition of SERCA be-
tween its different conformational states. We detect fast transitions (ms) be-
tween the long lived (ms) conformational states of SERCA. We also measure
decrease in these transition timescales in the presence of Ca. This information
provides new insight to the structural dynamics of SERCA during the Ca trans-
port cycle.
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Ca2þ cycling through the SR in muscle cells is largely controlled by the Ca-
pump (SERCA). SERCA transports Ca2þ into the SR, allowing muscles to re-
lax, and is inhibited by phospholamban (PLB) at submicromolar [Ca2þ]. PLB
inhibition can be relieved by adrenergic stimulation, leading to PLB phos-
phorylation. Heart Failure (HF), which contributes to 12% of US deaths,
can be caused by a variety of genetic or environmental factors, but a common
symptom is decreased SERCA activity. Several potential therapies for HF aim
to increase SERCA activity, including overexpression of the enzyme via
rAAV gene therapy. We are investigating the possibility of using LOF-PLB
mutants (PLBM) as alternative gene therapy vectors to increase Ca-ATPase
activity. We have used FRET and FLIM to measure quantitatively measure
the ability of several PLBM to compete with WT-PLB to bind to SERCA
and activate it. Experiments in living HEK cells examine the ability of
PLBM to compete with WT-PLB, thus rescuing SERCA activity. Active hu-
man SERCA2a and WT-PLB, tagged with fluorescent proteins (e.g., CFP
and YFP), are co-expressed in stable cell lines followed by transient co-
expression with PLBM. The effects of PLBM on Ca-ATPase activity and
FRET are measured to determine the mutant’s ability to compete with
PLBW, both physically and functionally. Optimal mutants are being tested
in a rat model of heart failure.
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We control the physical interaction and thus functional regulation between in-
tegral membrane protein phospholamban (PLB) and sarcoplasmic reticulum
